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Palavras-chave  Polioxometalatos, Lantanídeos, Luminescência, 

Biossensores, ADN, Anticorpos, Celulose 

 

Resumo  Esta tese teve como objetivo o desenvolvimento de sensores 

de papel fluorescentes, tirando partido das propriedades 

óticas de lantanopolioxometalatos para obter resultados de 

forma rápida, usando uma lâmpada de UV, portátil e barata. 

Os polioxometalatos (POMs) selecionados foram do tipo 

Keggin monolacunar e [Ln(W5O18)2]
9- contendo európio. 

Nanopartículas do tipo núcleo-coroa (~24 nm), com núcleo 

do anião [Ln(W5O18)2]
9- encapsulado em sílica, foram 

sintetizadas e sucessivamente funcionalizadas de forma a 

maximizar a afinidade para os analitos de interesse. 

No caso do anião [EuPW11O39(H2O)2]
4- (EuPW11), foi 

explorada uma estratégia mais direta para avaliar a potencial 

afinidade deste anião para interagir com uma sequência de 

ADN, recorrendo ao uso da espectroscopia de fluorescência. 

Avaliou-se o efeito da adição de ADN a soluções aquosas de 

EuPW11 na intensidade das bandas de fluorescência 

correspondentes às três principais transições do catião Eu3+ 

(592, 619 e 700 nm). Os resultados obtidos permitiram 

concluir que não existe interação entre o ADN e o anião. 

Neste trabalho, foram realizados dois testes em papel (em 

poços e μPADs) para detetar a hibridização entre a sequência 

de ADN do sistema de deteção e a sequência de ADN alvo, 

baseando-se na interação do conjugado CBM64-

ZZ:anticorpo anti-biotina, imobilizado no papel, com as 

nanopartículas EuW10@SiO2-ADN. A visualização de 

ambos os sistemas, aquando da irradiação UV (254 nm), 

indica que, no estado atual, estes não são eficientes. Uma 

terceira abordagem, usando micropartículas de celulose (20 

μm), foi então desenvolvida e, após adição de nanopartículas 



 

 

 
 

EuW10@SiO2-ADN e deposição das micropartículas de 

celulose, pode observar-se fluorescência na fração 

depositada somente para os ensaios efetuados na presença de 

ADN biotinilado. Esta abordagem, em solução, baseada no 

uso de micropartículas de celulose confirma a viabilidade do 

sistema desenvolvido como marcador fluorescente para a 

deteção de ADN, e que poderá ser considerado uma 

alternativa ao uso de “quantum dots” e corantes orgânicos. 

 

 

 

  

 

 

 

 

 

 

  



 

 

Keywords  Polyoxometalates, Lanthanides, Luminescence, Biosensors, 

DNA, Antibodies, Cellulose 

 

Abstract The main goal of this thesis was the development of fluorescent 

paper-based sensors taking advantage of the optical properties 

of lanthanopolyoxometalates to obtain fast results using a 

portable and affordable UV lamp. The polyoxometalates 

(POMs) used were of the monolacunary Keggin and 

[Ln(W5O18)2]
9- types containing europium cations. Core/shell-

type nanoparticles (24 nm) bearing a nucleus of the anion 

[Ln(W5O18)2]
9 surrounded by a silica shell were prepared and 

surface functionalizations were successively performed to 

maximize the surface’s affinity for the analytes.  

In the case of anion [EuPW11O39(H2O)2]
4- (EuPW11), a 

straightforward strategy was designed to investigate the 

potential affinity of this anion to interact with DNA relying on 

the use of fluorescence spectroscopy. The effect of the gradual 

addition of DNA to EuPW11 aqueous solutions in the 

fluorescence intensity of the three main transitions of Eu3+ 

cations (592, 619 and 700 nm) was evaluated. The obtained 

results show that there is no interaction between the DNA and 

the anion. 

In this work, two different paper-based tests (spots and μPADs) 

were developed to detect the hybridization between DNA 

probes and a DNA target relying on the capture by CBM64-

ZZ:anti-biotin antibody conjugate immobilized on the paper 

and EuW10@SiO2-DNA. Visualization, under the excitation of 

a UV lamp (254 nm), of both systems indicates that in its 

present state the designed capture system is not efficient. A 

third approach relying on the use of cellulose microparticles 

(20 m) was developed and, after the addition of 

EuW10@SiO2-DNA nanoparticles, the deposition of the 



 

 

 
 

microparticles occurred and the assays performed in the 

presence of biotinylated DNA (hybridization occurred) 

showed increased fluorescence at the cellulose surface, 

contrary to the observed for the control. This approach, in 

solution, based on the use of cellulose microparticles 

emphasizes the viability of the system as a fluorescent-tag for 

DNA capture, that can be used as an alternative to the used 

quantum dots and organic dyes. 
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1. Introduction 

This chapter presents the two main concepts of this thesis: polyoxometalates and 

biosensors. Firstly, polyoxometalates are presented, as well as some of its complexes, 

structures and applications. Secondly, the principle behind the biosensors, their importance 

and their areas of action are explained. 

 

1.1. Polyoxometalates  

Polyoxometalates (POMs) are metal-oxygen clusters, mostly anionic, with an 

enormous range of molecular dimensions; this refers to a change from 6 up to 368 metal 

centres in a single molecule, see Figure 1. The building of POMs structures is based on 

polyhedral units with general formula MOx (with M = Mo, W, V and sometimes Nb and x = 

4, 5, 6 or 7), that assemble through oxygen bridges sharing corners, edges and faces (Figure 

2) [1].  
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Figure 1: Polyhedral representation of the structures of some POM clusters, all synthesized under 

“one-pot” reaction conditions from the Keggin {Mo12} and Dawson {Mo18} anions to the 

{Mo57M6}/{Mo132}/{Mo154} and {Mo368} clusters. Colour code: MoO6 octahedra in black; {Mo12}/{Mo18}: 

central heteroatom light grey; {Mo57M6}: MO6 octahedra in grey; {Mo368}: SO4
2- ligands shown as light grey 

tetrahedra. 

 

 

Figure 2: Different assemblies of {MOx} units sharing (a) corners, (b) edges and (c) faces 

 

There are two main classes of POMs: the isopolyanions and the heteropolyanions. 

Isopolyanions ([MxOy]
m-) are constituted by two different elements, oxygen and a metal. On 

the other hand, heteropolyanions of the type ([XzMxOy]
n-) besides oxygen and metal atoms 
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are also constituted by a heteroatom (X) [2]. The M metal atoms are the ones responsible 

for the POM rearrangement so that they are designated as “addenda atoms” [3].  

There are two classes of heteroatoms: primary and secondary. Primary heteroatoms 

are essential to the maintenance of the POM integrity and their removal results in the anion 

destruction. On the contrary, secondary heteroatoms can be removed forming different 

stable anionic species [4].  

Due to their multifunctional properties as well as to their easy preparation methods 

there are many potential applications for this class of molecules. It is not only possible to 

perform a new type of chemistry with the clusters but also to dissolve them in organic 

solvents, e.g. after encapsulating them with suitable surfactant molecules, with the option of 

forming monolayers, thin films and hybrid materials [5,6]. Furthermore, it is possible to 

study their aggregation in solution leading to the formation of a new type of vesicles. [7,8]. 

 

1.1.1. Keggin anion 

Keggin anion ([XM12O40]
n-) is one of the most representative and extensively studied 

heteropolyanions [9]. It is constituted by a central tetrahedron (XO4) surrounded by twelve 

octahedrons (MO6) that share edges and vertices with each other forming four groups of 

three octahedrons (M3O13) (Figure 3). 

 

Figure 3: Polyhedral representation of α-Keggin (left) anion and monolacunary derivative {α-XW11}. 

Colour code: WO6 octahedra: yellow; XO4 tetrahedra: green 

 

Keggin anion can assume five different configurations, however, the α isomer is the 

most common one. Four rotational isomers (β, γ, δ and ε) of the Keggin anion result from a 

rotation of 60º of one, two, three or four M3O13 groups from the α isomer (Figure 4) [10]. 
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Figure 4: Geometric isomers of the Keggin anion. Colour code: WO6 octahedra: yellow; rotated WO6 

octahedra: grey; XO4 tetrahedra: green 

 

Keggin anions can form lacunary species by removal of one or more MO4+ groups, 

using alkaline hydrolysis. Among these species, monolacunary Keggin ([XM11O39]
(p+4)-) 

emerges as the most studied one, in which its lacuna presents five potentially coordinative 

oxygen atoms (Figure 3 right-side). 

Lacunary structures are coordinative, therefore, by reaction with metallic cations, 

they form monosubstituted ([XM11M'(H2O)O39]
n-) and “sandwich-type” type complexes 

([M'(XW11O39)2]
n-). Complexes from 1:1 type are mostly formed when M' is a transition 

metal or an element from the group p. In the 1:2 type complexes, M' represents a bigger 

cation, usually a lanthanide, which coordinates to eight oxygen ligands (four in each 

monolacunary fragment). 

 

1.1.2. Wells-Dawson anion 

A distinct and extensively studied heteropolyanion is the Wells-Dawson anion with 

general formula [X2M18O62]
n- [11], being formed by eighteen octahedrons (MO6) (Figure 

5). Wu described two isomers [12] that are now known as α and β isomers [13] In the α 

isomer, the two W3O13 groups on the top are aligned with each other, whereas in the β 

isomer, one of the groups is rotated 60º. Additionally, a third isomer (γ) is possible by 

rotating one of the groups 120º [14]. As in the case of the Keggin anion, lacunary derivatives 

of the Well-Dawson anion are also known (Figure 5, right-side). The most important of 

these are based on the most common isomer known as α-Dawson anion. 
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Figure 5: Polyhedral representation of α-Dawson anion (left) and monolacunary derivative {α-

X2M17} (right). Colour code: WO6 octahedra: yellow; XO4 tetrahedra: green 

 

1.1.3. Giant polyoxomolybdates 

The existence of large polyoxomolybdates was unknown until 1995 when Müller et 

al. reported the synthesis and structural characterization of a very high-nuclearity cluster 

[Mo154O462H14(H2O)70]
14− ({Mo154}), which has a ring topology [15,16]. The structure of 

the big wheel is constructed from units containing eleven Mo atoms ({Mo11}), fourteen of 

which are linked together to form the {Mo154}-type cluster that has an external diameter of 

3.4 nm (Figure 6, left side). Upon slight variation of the experimental conditions, e.g by 

changing the pH and increasing the amount of reducing agent along with the addition of 

acetate ligands, the spherical shaped anion [Mo132O372(CH3COO)30(H2O)72]
42– ({Mo132}) 

can be formed [17,18] (Figure 6, right side).  

 

Figure 6: Comparison between the ring-shaped {Mo154} (left) and spherical-shaped {Mo132} (right) 

type clusters. Colour code: {Mo2}: red; {Mo1}: yellow; {Mo11}: blue 
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1.1.4. Polyoxometalates containing lanthanides 

1.1.4.1.  [Ln(W5O18)2]9- type polyoxometalates 

[Ln(W5O18)2]
9- type polyoxometalates (LnW10) are isopolyanions constituted by two 

[W5O18]
6- units coordinated by a lanthanide ion. Peacock and Weakley (1971) [19] were the 

first to mention the existence these complexes with Ln (III) = La, Ce, Pr, Nd, Sm, Eu, Ho, 

Er and Yb (Figure 7). However, it was Yamase who reported for the first time the crystal 

structures of these complexes, studying a wide range of lanthanide ions [20-25]. Among 

lanthanopolyoxometates the EuW10 has been the most studied and applied mainly due to its 

photoluminescent properties, having the highest quantum yield (67 %) reported in literature 

for this type of complexes [26,27]. 

 

Figure 7: Structure of a LnW10 type complex. Colour code: WO6 octahedra: yellow; Lanthanide 

sphere: purple 

 

1.1.4.2. [Ln(XM11O39)2]n- type polyoxometalates 

[Ln(XM11O39)2]
n- type polyoxometalates are composed by two monolacunary 

([XM11O39]
(p+4)-) type units bonded tetravalently to the lanthanide ion by four oxygen atoms 

from each unit (Figure 8). This complex has been applied to different areas such as catalysis 

[28,29], biosensors and has also been used as the building block for the fabrication of 

luminescent materials [30].  
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Figure 8: Structure of [Eu(PW11O39)2]11-. Colour code: WO6 octahedra: yellow; XO4 tetrahedra: 

green; Lanthanide sphere: purple 

 

1.1.4.3. [Ln(XM11O39)(H2O)y]n- type polyoxometalates 

[Ln(XM11O39)(H2O)y]
n- type polyoxometalates are constituted by a lacunary unit of 

the type [XM11O39]
(p+4)- coordinated to a lanthanide ion by four oxygen atoms (Figure 9). In 

these monosubstituted structures, the coordination sphere of the lanthanide ion is usually 

completed by water molecules. 

[α-SiW11EuO39(H2O)2]
5- has been applied to several areas due to its luminescent 

properties [31] and used in catalysis [32]. Luong et al. studied the hydrolytic cleavage of 4-

nitrophenyl phosphate, a commonly used DNA model substrate, in the presence of this type 

of complexes [33]. 

 

Figure 9: Structure of Eu(PW11O39)4-. Colour code: WO6 octahedra: yellow; XO4 tetrahedra: green; 

Lanthanide sphere: purple 

 

1.1.4.4. [Ln(X2M17O61)(H2O)y]n- type polyoxometalates  

[Ln(X2M17O61)]
n- type polyoxometalates are composed of a lacunary [X2M17O61]

n- 

type unit that binds to a lanthanide ion by four oxygen atoms of the lacuna (Figure10). Due 



 

 

8 

to their luminescence, these complexes have been used as contrast agents in magnetic 

resonance [34] and as catalysts [35]. 

 
Figure 10: Structure of a [Ln(X2M17O61)]n- type polyoxometalate. Colour code: WO6 octahedra: 

yellow; XO4 tetrahedra: green; Lanthanide sphere: purple 

 

1.1.4.5. Lanthanides ions luminescence 

Luminescence is one of the most interesting properties of the lanthanide ions. Their 

emission covers a wide length of the electromagnetic spectrum, from the ultraviolet (Gd3+) 

to the infrared region (Yb3+, Nd3+ and Er3+); Eu3+, Tb3+ and Tm3+ emit in the visible region 

[36].  

The highly interest on the luminescent properties of these elements lies in the fact 

that they have a long excited‐state lifetime and in its high Stokes´ shift. However, the molar 

absorption coefficients (ε) of the trivalent ions are extremely low (smaller than 10 M-1 cm-1 

and very often smaller than 1 or even 0.1 M-1 cm-1 [37]), meaning that only a small part of 

the incident radiation is absorbed by direct excitation resulting on a poor emission [38]. Yet, 

several strategies were developed to overcome this disadvantage such as coordination of a 

ligand containing an organic chromophore, usually called antennas, to the lanthanide ion. 

This process is designated by “antenna effect” (Figure 11) [39] and was firstly mentioned by 

Weissman [40]. Briefly, the energy is absorbed by the antennas, which is further transferred 

to the luminescent ion and then emitted. Another strategy to intensify the luminescence of 

the lanthanide (III) complexes is via charge-transfer states. Regarding the LnPOMs, such 

states are related to the interaction between the ion and the POM orbitals. In these complexes, 
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occur ligand-to-metal charge transfer phenomena (LMCT) associated with the O → Ln and 

O → M transitions [41,42].  

 

Figure 11: Principle of the antenna effect. The energy transfer is favoured by the short distance 

between the antenna ligand and the lanthanide ion 

 

1.1.2. Encapsulation of POM clusters and functionalization of silica 

nanoparticles 

Lanthanopolyoxometalates are of both fundamental and technological interest due to 

their characteristic luminescent properties, such as extremely sharp emission bands, high 

Stokes´ shift long lifetime and high quantum yield. Over the last decade the development of 

core-shell nanoparticles has been extensively reported, considering their potential 

applications, which include new clinical diagnosis platforms [43]. Coating nanoparticles 

with a silica shell, using microemulsion methods, has become a widely used technique [44]. 

The high stability in water, optical transparency, large surface area along with the relatively 

ease of surface functionalization makes silica a suitable candidate from the encapsulation 

of POMs. Thus, opening new possibilities to explore the luminescent properties of these 

species in a wide variety of applications, ranging from catalysis to biosensing. [45,46].  

Silica surface functionalization with primary amine groups may follow two methods: 

the co-condensation method and the post-synthesis grafting method. The first method 

consists on the use of silica precursors, such as tetraethyl orthosilicate (TEOS) (Figure 12), 

and an organosilane, such as (3-aminopropyl)triethoxysilane (APTES) during a sol-gel 

process [47]. In the second procedure, the silica is previously synthesized and then 

functionalized with an organosilane. 
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Figure 12: TEOS hydrolysis (1) and condensation (2) mechanisms 

 

1.1.3. POMs and POM-complexes in bioapplications 

Over the last years, the research group of Prof. Tatjana N. Parac-Vogt has been 

exploring the reactivity of different classes of POMs as catalysts for the hydrolysis of 

biologically important molecules and their model systems, such as POM catalyzed peptide 

bond hydrolysis in peptides and proteins [48,49]. Although POMs are traditionally 

employed in catalysis, they have also been shown to exhibit potent antiviral [50], 

antibacterial [51], antitumor [52] and redox [53] activity, initiating substantial interest in the 

potential medical applications of POMs. Yet, despite their proven potential in 

bioapplications, the use of POMs in biosensors development is still lacking.  

 

1.2. Biosensors 

In a world running towards the “personalized medicine”, deep understanding of 

biological processes and extreme quality control of food and medicine is essential. 

Regarding this, biosensors are gaining increasingly relevance in modern and future society. 

Generally, a biosensor is a small device with recognition properties for a selective bio-

analysis [54-56] that enables the detection of the presence and/or absence of an analyte. 

Nowadays, the most common biosensors are based in immunoassays or in molecular 

recognition, where the coupling of a biological recognition element with a physical 

transducer to convert the biological interaction or phenomenon into a signal which can be 

proportional to the concentration of analytes, making it quantitative, or in some causes just 

indication of presence or absence of an analyte - qualitative [57-62]. A basic biosensor 

assembly includes a receptor, a transducer and a processor (Figure 13). The recognition 
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elements may be cells, antibodies, enzymes, nucleic acids, metabolites or hormones, 

forming a recognition layer that is integrated with the transducer by adsorption, cross-

linking or covalent binding. 

Overall, the performance of a biosensor depends of three parameters: its ability to 

immobilize recognition elements maintaining their intrinsic properties, the accessibility of 

the recognition element to the relevant analyte in the sample, and low non-specific 

recognition both to other species present in sample or to the materials in the device, which 

can increase noise in the measurement, increase “false positive” results and overestimate 

the presence of the analyte. 

 

Figure 13: Scheme of the basic components of a biosensor [54] 

 

1.2.1. Nucleic acid biosensor 

Genetic testing to access the presence of nucleic acids within a sample have been 

widely used in biosensors and bio-analytical assays, due to their wide range of physical, 

chemical and biological activities [63]. In nucleic acid-based biosensors, sensing elements 

are either oligonucleotides, with a known sequence of bases, or a fragment of DNA or RNA. 

These biosensors are based on the highly specific hybridization of complementary strands 

of DNA/RNA molecules or play the role of a highly specific receptor of biochemical or 

chemical species [64-66]. The development of molecular-based diagnostics analyses of 

genomic sequences have offered a highly sensitive and quantitative method for the detection 

of infectious diseases, pathogens and genetic variations. Additionally, nucleic acid 

recognition is also being explored in the development of imaging tools, mostly associated 

with nanotechnology, that have been medically applied as non-invasive methods of 

diagnosis [67-69]. 
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1.2.2. Immunosensors 

Antibodies (Ab) are proteins produced by the immune system in response to the 

presence of a foreign substance, also known as antigen. These molecules function is the 

recognition and binding to a specific antigen and to mediate its removal from the body. They 

are ‘Y’-shaped immunoglobin (Ig) that is constituted by four polypeptide chains: two heavy 

(H) – linked to each other by disulphide bonds - and two light (L) (Figure 14). Each of the 

chain has a constant (C) and a variable part (V) being the variable part responsible for the 

specificity and binding to the antigen [70]. 

 

Figure 14: Structure of an antibody 

 

Immunosensors represent a family of biosensors that contain an immobilized 

molecular recognition molecule that will have an antibody-antigen response towards a 

biological component (antibody, antigen) being an immunological receptor for recognition 

of molecules. They can either be designed for the detection of antibodies or antigens. 

Usually, the detection of antibodies is preferred because the use of antibodies as recognition 

elements may lead to a loss of their affinity during the immobilization process, which affects 

the detection limit, sensitivity and overall performance of the immunosensor [71]. Although 

preferable, this approach limits the application of these sensors, because most of the interest 

analytes are non-antibodies molecules. For this reason, diverse approaches have been 

developed, including functionalizing of the surface with specific reactive groups and using 

different chemistry procedures (such as carbodiimide, succinimide ester, maleinimide or 

periodate) or engineering it with nanostructures, to increase the efficiency of the Ab 

https://www.britannica.com/science/antigen
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immobilization with specific orientation without affecting its overall “performance” [72]. 

Covalent immobilization is the most studied immobilization strategy, as it involves surface 

modification in order to obtain reactive groups (such as thiol, carboxyl or amine groups) on 

the surface for the subsequent Ab immobilization and facilitates the long-term storage, 

reusability of immunosensors and increase reproducibility. 

Immobilizing Abs onto the sensor surface by targeting amine groups present in the 

Ab, usually by reaction with carboxylic groups through carbodiimide protocols, is a widely 

used form of covalent immobilization, due to the relatively easy access to these groups and 

controlled chemistry. However, a disadvantage of this strategy is that Abs can have several 

amine groups in its constitution, leading to an immobilization of the Ab in a less favoured 

form. In the example of coupling of the amine groups of Abs with terminal carboxylated 

gold, the amine groups on Abs bind with succinimide esters (formed by the reaction between 

carboxylic acid, 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) and n-

hydroxysuccinimide (NHS)) to form a covalent linkage [73]. Thiol groups can also be used 

for Ab immobilization, usually they provide a more homogeneous immobilization in 

comparison with amine coupling. Coupling Abs with a sensor surface using a thiol group is 

typically based on thiol–disulphide exchange between thiol groups on the Ab and active 

disulphides added to the surface. Ab fragments orientally immobilized have been shown to 

achieve an enhanced antigen-binding ability, compared with the randomly immobilized Abs, 

using amine groups [74]. 

 

1.2.3. Lateral flow assay as detection strategy 

Based on the recognition elements used, lateral flow assays (LFAs) can be divided 

in two classes: the lateral flow immunoassay (LFIA, in which antibodies are exclusively 

used as recognition elements) and the nucleic acid lateral flow assay (NALFA). LFA is a 

paper-based platform for the detection and quantification of analytes in complex mixtures. 

Low production costs and easy fabrication of LFAs resulted in the expansion of its 

applications to multiple areas. LFA-based tests are widely used for the qualitative and 

quantitative detection of specific antigens [75] and antibodies [76], as well as products of 

gene amplification [77,78]. 
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A liquid sample containing an analyte of interest moves through the matrix, due to 

capillary action, on which molecules that can interact with the analyte are attached. As shown 

in Figure 15, the sample is applied in one extremity of the device, which is impregnated with 

a buffer containing salts and surfactants that minimizes interaction between the sample and 

surface of the device and favours interaction of the sample with the detection system. 

Labelled molecules, that will function as signal source, together with the sample will flow 

through the device towards test and control zones. As the sample flows along the membrane 

these labelled molecules can interact with the analyte present in the sample and further attach 

the molecular recognition molecules present in the test zone [79]. 

 

Figure 15: Design of a microfluidic paper-based analytical device (μPAD). The regions T and C 

correspond to the Test and Control spots, respectively [80] 

 

1.2.3.1. Labels used in LFAs 

High sensitivity and selectivity are two of the most important parameters when it 

comes to select a label for the LFA development. Due to their signal amplification, easy 

production and functionalization, nanomaterials have been attracting great interest within 

this field [81]. Nanoparticles because of their ability to produce optical signal, including 

fluorescence, colour changes by assemblies and aggregations and simply colour 

accumulation in the test zone [82], have emerged as the preferable labels in LFA technology, 

such as gold nanoparticles [83], carbon nanoparticles [84] quantum dots [85] and doped 

silica nanoparticles [86]. Enzymes can also be used as labels in LFAs based on the enzyme-

substrate reactions for colour formation that can be visible to the naked eye [87].  

Gold nanoparticles 

Colloidal gold nanoparticles are the most commonly used labels in LFA. Colloidal 

gold is inert and allows the synthesis of almost perfect spherical particles that can be easily 
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functionalised. Their unique features include environment friendly preparation, high affinity 

for biomolecules, enhanced stability, exceptionally higher values for charge transfer and 

good optical signalling [88]. Optical signal of gold nanoparticles in colorimetric LFA can be 

amplified by deposition of silver, gold nanoparticles and enzymes [89,90]. 

Carbon nanoparticles 

Due to their black colour, carbon nanoparticles can be easily detected with high 

sensitivity. On one hand, colloidal carbon can be functionalised with a large variety of 

biomolecules for detection of low and high molecular weight analytes which is a great 

advantage. On the other hand, the presence of irregular shaped particles and nonspecific 

adsorption of proteins and biomolecules are major problems with colloidal carbon. [91]. 

Quantum dots 

The conventional systems based on colorimetric labels as reporters have limitation 

in detecting the target analyte at low concentration. Hence, systems using different labels 

have been developed to answer this need. Fluorescent molecules have been widely used in 

LFA as labels to solve this limitation once the fluorescence intensity is proportional to the 

concentration of analyte in the sample. Quantum dots are among these molecules and display 

unique electrical and optical properties. These semiconducting particles present a high 

Stokes´ shift, being easy to separate the excitation from the emission, even with the naked 

eye. Additionally, they are water soluble and can be easily combined with biomolecules and 

have emerged as a substitute to organic fluorescent dyes. Quantum dots can retain their 

fluorescent properties within cells and organisms because of their inorganic nature (limited 

or absence of photobleaching) [92]. However, the formation of quantum dot-biomolecule 

complexes is difficult which constitutes an inconvenient regarding their bioapplications 

compared to other nanoparticles [93]. Moreover, these materials typically present high 

toxicity [94].  

Silica nanoparticles 

Recently, fluorescence-doped silica nanoparticles have shown advantages over other 

fluorophores as highly sensitive and photostable fluorescence probes for bioapplications 

[95]. During the synthesis, the fluorescence molecules are trapped inside silica matrix 

protecting them from the outer environment resulting in dye photostability and probe 

sensitivity improvement. Using conventional silica-based chemistry, specific functional 
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groups could be easily added on particle surface to provide reactive sites for covalent 

bioconjugation [96,97]. Based on their unique optical properties, as well as versatility in 

synthesis and surface modification, fluorescence-doped silica nanoparticles are a good 

alternative as fluorescence probes for a LFA. 
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2. Objectives of the work 

Different classes of lanthanopolyoxometalates will be explored as building blocks 

for the fabrication of biosensors. The aims of the work to be developed in the course of this 

thesis are as follows:  

• Synthesize and characterize different polyoxometalates containing lanthanides 

• Coat the prepared POMs with a protective silica shell providing a suitable surface 

for posterior functionalization and DNA immobilization via “click” chemistry 

• Fabricate biosensors using the POMs-based materials as fluorescent-tag 

 

 

 

 

 

 

 



 

 

18 

  



 

 

19 

 

 

 

 

 

 

 

 

3. Synthesis and characterization 

This chapter describes the selected procedures for the synthesis of the 

lanthanopolyoxometalates and lanthanopolyoxometalate nanoparticles prepared, as well as 

all the characterization techniques used in their analysis. The procedures/strategies used for 

the functionalization, DNA immobilization at the nanoparticles’ surface and for the 

development of cellulose biosensors are also presented. 

 

3.1. Synthesis of lanthanopolyoxometalates 

3.1.1. Synthesis of K7[PW11O39].nH2O [98] 

Dodecatungstophosphoric acid (20 g) was dissolved in 100 mL of hot water (40 ºC). 

1 g of sodium chloride (NaCl) was added to the previous solution. An aqueous solution of 

1 M of potassium hydrogencarbonate was added dropwise under vigorous stirring until pH 

of the solution became 5. After 10 minutes, the reaction mixture was filtered, and the filtrate 

was concentrated and allowed to stand at room temperature for 48 h. After, 8 g of potassium 

chloride (KCl) was added and the solution stored in the fridge to precipitate. The white 

crystalline salt that obtained was filtered and recrystallized in hot water. 
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3.1.2. Synthesis of K4[EuPW11 (H2O)2O39].nH2O [99] 

PW11O39
7- (6.09 g) was dissolved in 25 mL of water at 40 °C and the solution was 

added dropwise to 10 mL of a europium nitrate hexahydrate (Eu(NO3)3
.6H2O) aqueous 

solution (0.2 M). The resulting solution was stirred vigorously for 3 minutes followed by 

the addition of NaCl (0.87 g) and 105 mL of ethanol. The white precipitate was collected 

by filtration and dried under suction. 

 

3.1.3. Synthesis of Na9[Eu(W5O18)2].nH2O [17] 

Sodium tungstate dihydrate (Na2WO4
.2H2O) (5.01 g)was dissolved in 7 mL of water 

and the pH adjusted to 7 with glacial acetic acid (CH3CO2H). The solution was heated to    

90 ºC and a hot solution containing 0.65 g of Eu(NO3)3
.6H2O in 2 mL of water was added 

dropwise followed by the addition of 8 mL of a hot aqueous solution with 1.02 g NaCl. The 

solution was stirred for 30 minutes at 90 ºC and then cooled to room temperature before 

storing in the fridge. After a few days (3-4 days), the precipitate was collected by filtration 

and washed with cold water. 

 

3.1.4. Fourier-transform infrared and Raman spectroscopy 

Vibrational spectroscopy (FTIR and Raman) is a fundamental tool for 

polyoxometalate characterization, providing useful information about the structure of 

different anions. Figure 16 shows the FTIR (Tensor 27, Bruker Co.) spectra (potassium 

bromide pellet) of anions EuW10, PW11 and EuPW11.  

One of the characteristic vibration bands of EuW10 around 945 cm−1 corresponds to 

the vibrations of W=O bonds [100]. It is also possible to observe the similarities between 

the PW11 and the EuPW11 profiles what was expected due to their similar chemical structure. 

While the vibrations of the W-O-W bonds bands appear on a wider range (785–923 cm-1). 

The band at 1080 cm-1 corresponds to the P-O stretching modes of the central PO4 

tetrahedron [101]. 

 

https://www.sigmaaldrich.com/catalog/product/sigald/223336?lang=en&region=US
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Figure 16: FTIR spectra of anions EuW10, PW11 and EuPW11 

Figure 17 shows the Raman (RFS 100/S, Bruker Co., Nd:YAG laser, 1064 nm 

excitation) spectra of the anions EuW10 and EuPW11. The characteristic bands of the POM, 

namely the terminal W=O and W-O-W bridging vibrational modes, are observed around 945 

cm-1 and between 785–923 cm-1, respectively. It is also possible to observe the band 

corresponding to the P-O stretching mode of the central PO4 tetrahedron around 1000 cm-1. 

 

Figure 17: Raman spectra of anions EuW10 and EuPW11 
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3.1.5. Fluorescence spectroscopy 

To characterize the fluorescence profile of the materials synthesized, absorption and 

emission analysis were performed (Spectrofluorometer FP-8300, JASCO) in the wavelength 

range of 300-750 nm. Figure 18 shows the excitation and emission spectra of anions EuW10 

and EuPW11 (solid state). The excitation spectrum of EuW10 is composed of narrow and 

sharp peaks that correspond to the intra-4f6, 
7F0 → 5D4-1, 

5G2-5, 
5L6 and 7F1 → 5D2,1 

transitions. The emission spectrum shows the characteristic peaks of Eu3+ attributed to the 

5D0 → 7F0-4 transitions (578, 592, 619, 650 and 700 nm) corresponding to the characteristic 

red/orange emission (Figure 19). In the case of anion EuPW11 the excitation spectrum shows 

several peaks corresponding to the intra-4f6. Once again, the emission spectrum shows the 

characteristic red/orange emission corresponding to transitions between the first excited state 

5D0 and the 7F0-4 levels. 
 

 

Figure 18: Left: excitation spectra (fixing the emission at 595 nm); right: emission spectra of the 

anions EuW10 (excited at 276 nm) and EuPW11 (excited at 395 nm) 

 

The profiles obtained for the EuW10 were expected as the compound has its 

maximum excitation peak around 280 nm (corresponding to UV radiation) and its maximum 

emission peak around 600 nm (corresponding to orange radiation which is characteristic of 

europium complexes). However, it is interesting that the EuPW11 maximum excitation peak 
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was located at around 395 nm. This difference may be due to the dissimilar environments 

of the Eu3+ in both POMs, arising from the fact that its coordination sphere is completed by 

water molecules.  

 

Figure 19: Aqueous solution of EuW10 while being excited with UV radiation (254 nm) 

 

3.2. Synthesis of core-shell lanthanopolyoxometalate-silica nanoparticles 

In this section is described the synthesis and characterization of core-shell 

nanoparticles of the type POM@SiO2 consisting of a POM core encapsulated in an 

amorphous silica layer. These nanoparticles were prepared by a reported method based on 

the alkaline hydrolysis of tetraethoxysilane in the presence of POMs using a reverse 

microemulsion method. The anion [Eu(W5O18)2]
9- (EuW10) was selected for the 

encapsulation due to its promising luminescent properties. 

 

3.2.1. Synthesis of [Eu(W5O18)2]@SiO2 

Two microemulsions were prepared, one containing 2.22 mL of Triton X-100, 2.31 

mL of 1-octanol, 9.31 mL of cyclohexane, 200 μL of tetraethyl orthosilicate (TEOS) and 

1.00 mL of a EuW10 aqueous solution (50 mg/mL) (A); and the other containing 2.22 mL 

of Triton X-100, 2.31 mL of 1-octanol, 9.31 mL of cyclohexane and 200 μL of ammonium 

solution (B). After stirring for 20 minutes at room temperature, the microemulsion B is 

added to the microemulsion A and the mixture is stirred for 24 h at room temperature. After 

24 h, 150 mL of acetone were added to the mixture that is kept undisturbed for 3 days in 

order to promote the precipitation of the nanoparticles. Then, the mixture is centrifuged          

(3220 g, 15 minutes), and the nanoparticles washed with water and anhydrous ethanol. 
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3.2.2. Functionalization of the [Eu(W5O18)2]@SiO2 with (3-

aminopropyl)triethoxysilane 

In our design, a critical step is the functionalization with a primary amine, from 3-

aminopropyltriethoxysilane (APTES), which will allow further functionalization and DNA 

immobilization, and to do so, two different approaches were used to prepare EuW10@SiO2 

particles. The first strategy was an adaptation of a reported method by Yuan et al. (2004) 

[44] and it consists in the preparation of an ethanolic solution of the EuW10@SiO2 

nanoparticles (0.5 mg/mL) and the posterior addition of 150 μL of APTES. After stirring 

for 24 h, the mixture is centrifuged (3220 g, 15 minutes), and the nanoparticles washed with 

water and anhydrous ethanol (Figure 20).  

The second method, denominated “in-situ”, consists in the preparation of two 

microemulsions, one containing 2.22 mL of Triton X-100, 2.31 mL of 1-octanol, 9.31 mL 

of cyclohexane, 150 μL of TEOS, 50 μL of APTES and 1.00 mL of a EuW10 aqueous 

solution (50 mg/mL) (A); and the other containing 2.22 mL of Triton X-100, 2.31 mL of 1-

octanol, 9.31 of mL cyclohexane and 200 μL of ammonium solution (B). After stirring for 

20 minutes at room temperature, the microemulsion B is added to the microemulsion A and 

the mixture is stirred for 24 h at room temperature. After 24 h, 150 mL of acetone were 

added to the mixture that is kept undisturbed for 3 days in order to promote the precipitation 

of the nanoparticles. Then, the mixture is centrifuged (3220 g, 15 minutes), and the 

nanoparticles washed with water and anhydrous ethanol. In this case, the simultaneous 

hydrolysis and co-condensation of TEOS and APTES, resulted in a silica coating of the 

EuW10 and a successful incorporation of functional amino groups on the surface of the 

particles. 

 

Figure 20: Schematic representation of APTES functionalization of EuW10@SiO2 nanoparticles 
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3.2.3. Infrared spectroscopy 

As it is shown in Figure 21, after the encapsulation and the APTES functionalization, 

EuW10 maintained its chemical structure. The large band observed at 1050 cm-1 corresponds 

to the asymmetric stretching mode of the Si-O-Si bonds. The successful APTES 

functionalization (primary amine group, R-NH2) was confirmed by the appearance of new 

bands between 1300 and 1700 cm-1 corresponding to: the deformation δ(N-H) of amine 

groups (around 1560 cm-1), to the deformation and torsional vibrations of C-H bonds of the 

alkyl chain (around 1475 and 1384 cm-1, respectively) and to the stretching mode ν(C-O) 

(around 1305 cm-1) of the ethoxy groups. 

 

Figure 21: FTIR spectra of EuW10, EuW10@SiO2 and EuW10@SiO2-NH2 

 

3.2.4. Fluorescence spectroscopy 

Figure 22 shows the excitation and emission spectra of EuW10@SiO2-NH2. The 

excitation spectrum exhibits a large band and a couple of low intensity bands corresponding 

to intra-4f transitions. The emission spectrum shows the characteristic peaks of Eu3+ 

attributed to the 5D0 → 7F0-4 transitions corresponding to the characteristic red/orange 

emission. Therefore, it is possible to observe that the photophysical properties of the EuW10 

are maintained after encapsulation and functionalization. 
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Figure 22: Excitation (fixing the emission at 595 nm) and emission (fixing the excitation at 276 nm) 

spectra of EuW10@SiO2-NH2 

 

3.2.5. Dynamic light scattering and Zeta potential 

Dynamic light scattering (DLS) was used to estimate the size distribution of the 

prepared nanoparticles and zeta potential measurements were performed to estimate the 

determining the surface charge. These analyses were performed using the Zetasizer Nano 

ZS (Malvern Instruments).  

The hydrodynamic diameter found for EuW10@SiO2 was 90 nm and for 

EuW10@SiO2-NH2 was 361 nm. Although the thickening of the silica shell was expected, 

due to the APTES condensation, the observed increase of the hydrodynamic diameter can 

also be attributed to the polydispersity of the nanoparticles, since APTES can interfere in 

micelles formation. The average surface charge was evaluated, at a constant pH of 7.2, and 

the results confirm that the APTES functionalization was successfully done, since an 

increase of the charge from -12.7 mV (EuW10@SiO2) to -4.52 mV (EuW10@SiO2-NH2) was 

observed. 
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3.2.6. Transmission electron microscopy and Scanning electron microscopy 

Transmission electron microscopy (TEM – H9000, Hitachi) and scanning electron 

microscopy (SEM - SU-70, Hitachi) were used to evaluate the morphology, size and shape 

of the nanoparticles. The transmission electron microscopy (TEM) images of the 

EuW10@SiO2 nanoparticles (Figure 23) show morphological uniform nanosized spheres, 

composed of a core of EuW10 (darker centre) which is coated with amorphous SiO2. The 

estimated diameter of the nanospheres is 23.8 ± 1.2 nm containing a POM core that is 6.3 ± 

0.5 nm wide. Due to an equipment malfunction were unable to characterize the 

EuW10@SiO2-NH2 nanoparticles.  

 
 

Figure 23: TEM images of EuW10@SiO2 nanoparticles 

 

Scanning electron microscopy (SEM) was used to investigate the morphology of the 

prepared nanoparticles. Figure 24 shows the SEM images of EuW10@SiO2 nanoparticles 

exhibiting a spheroid morphology with an average diameter of 72.0 ± 6.5 nm. The SEM 

images (Figure 25) of the EuW10@SiO2-NH2 nanoparticles show a certain degree of 

agglomeration and the spheroid shape is maintained, comparing with the non-functionalized 

particles, with an average diameter of 83.9 ± 6.1 nm. This increase is not surprising since 

the hydrolysis and condensation of APTES results in an increase of the silica shell.  
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Figure 24: SEM images of EuW10@SiO2 nanoparticles 

 

 

Figure 25: SEM image of EuW10@SiO2-NH2 nanoparticles 

 

As expected, the energy-dispersive X-ray spectroscopy (EDS – QUANTAX 400, 

Bruker Co.) analysis revealed that the nanoparticles shown in the figure above contain 

europium, tungsten and silicium in their constitution (Figure 26). 

 

Figure 26: EDS spectrum of EuW10@SiO2-NH2 

Eu W 

Si 
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3.2.7. Functionalization of the [Eu(W5O18)2]@SiO2-NH2 with acryloyl chloride 

[102] 

After the characterization, the EuW10@SiO2-NH2 nanoparticles were further 

functionalized with acryloyl chloride. During this functionalization the primary amines 

(present in the nanoparticles) will react with the chloride present in the acryloyl molecule, 

conferring an -ene group that will allow the immobilization of a DNA contain a thiol group, 

using a thiol-ene click chemistry reaction (Figure 27).  

2.35 g of EuW10@SiO2-NH2 and 1.46 mL of triethylamine (TEA) were dissolved in 

20 mL of anhydrous methanol and the solution was stirred for 30 minutes in an ice bath. 

Then, 1.22 mL of acryloyl chloride (AC) in 1.00 mL of tetrahydrofuran (THF) and 2.20 mL 

of TEA in 2.00 mL of anhydrous methanol were added dropwise. The ice bath was removed, 

and the mixture is stirred for 2 h at room temperature. After that time, the mixture was 

centrifuged (3220 g, 5 minutes), and the nanoparticles washed three times with water. 

 

Figure 27: Schematic representation of AC functionalization of EuW10@SiO2-NH2 nanoparticles 

 

3.2.8. Functionalization of the [Eu(W5O18)2]@SiO2-AC and the Eu(PW11O39) 

with thiol-DNA 

The thiol-DNA probe used in this project was purchased from STAB-Vida and has 

the following sequence: 

sh_5´-ttg aag cct gtt ctc gga gag-3´ 

The functionalization of the nanoparticles was performed as follows. To 0.50 mL of  

nanoparticles aqueous solution (1.62 mg/mL), 100 μL of a thiol-DNA aqueous solution was 

added and the solution was incubated for 2 h. Prior to addition, the thiol-DNA solution was 

treated with a tris(2-carboxyethyl)phosphine solution (TCEP) (Figure 28),  to guarantee a 

full reduction of the DNA probe (reduction of the S-S bonds to -SH), it. After the incubation, 

the nanoparticles were washed 3 times with water. 
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Figure 28: Chemical structure of TCEP 

 

 The covalent immobilization of the DNA to the nanoparticles was performed via 

thiol-ene “click” chemistry reaction which is simply a hydrothiolation of a C=C bond. 

Figure 29 illustrates the DNA functionalization of the nanoparticles.  

 

Figure 29: Schematic representation of DNA functionalization of EuW10@SiO2-AC nanoparticles via 

thiol-ene reaction 

 Despite knowing that the EuPW11 anion was not ideal for the development of 

cellulose-based biosensors, because the UV lamp available (254 nm) was not the proper to 

efficiently excite this anion, we tried to take advantage of the uncompleted europium 

coordination sphere to directly interact with the DNA probe. The interaction between the 

lanthanide and the DNA would be made through coordination to phosphate groups (PO4
3-). 

However, as it is shown in Figure 30, no notable differences were obtained in the 

fluorescence profile after the addition of different concentrations of the DNA aqueous 

solution. One possible reason for this apparent lack of interaction may be the low 

accessibility to the phosphate groups, contrary to the observed for 4-nitrophenyl phosphate, 

commonly used as DNA model [34]. 
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Figure 30: Emission spectra of EuPW11 and EuPW11 functionalized with different quantities of DNA 

- 2.5x10-4 mg, 5.0x10-4 mg and 2.5x10-3 mg (excited at 395 nm)  

 

3.2.9. Zeta potential 

Zeta potential is a technique that allows the determination of surface charge of 

nanoparticles. After functionalization with acryloyl chloride, containing an -ene group, the 

zeta potential of the particles decreased from -4.52 mV for the NH2-coated nanoparticles to 

-21.33 mV for the acryloyl-functionalized particles. One possible explanation for this is the 

fact that these measurements give a mean value for the particle charge. In NH2-coated 

nanoparticles the surface charge is more positive, due to the presence of protonated amine 

groups (NH3
+) at the surface. Despite still having some Si-O- groups, which contributes to 

the overall negative charge. After functionalization with acryloyl chloride, NH3
+ groups 

react and form an amide bond rendering an -ene group with no charge. As expected, since 

we are eliminating the contribution of the positively charged groups, after the 

functionalization, the zeta potential decreases which is indicative of a successful 

functionalization. As expected, after DNA immobilization, the zeta potential decreased         

(-38.20 mV) due to the addition of several phosphate groups presented in the DNA probe, 

thus contributing to an increase of the surface negative charge. 
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It is important to mention that throughout all the process (from the POM to the core-

shell nanoparticles functionalized with DNA) the EuW10 compounds were able to maintain 

their fluorescence when excited under a UV lamp with radiation of 254 nm, as it is shown 

in Figure 31. As mentioned above, the EuPW11 could not be excited under the UV radiation 

of the lamp (254 nm); since our objective was the development of a system with immediate 

and visible response, we chose to focus on the EuW10 core-shell nanoparticles. Figure 32 

shows a schematic representation of the entire process, from the EuW10@SiO2 nanoparticles 

to the EuW10@SiO2-DNA nanoparticles. 

 

 

Figure 31: Aqueous solutions of EuW10@SiO2-NH2 and EuW10@SiO2-DNA under UV lamp (254 nm) 

 

 

Figure 32: Schematic representation of the entire process, from the EuW10@SiO2 nanoparticles to 

the EuW10@SiO2-DNA nanoparticles 
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4. DNA detection systems 

In this chapter, are described the procedures explored to develop the cellulose-based 

biosensors, as well as their outcomes and conclusions.  

4.1. Capture system 

The capture system (Figure 33) used for the DNA detection was constituted by three 

main recognition elements. The first element is a fusion protein CBM64-ZZ (25.2 kDa) that 

is constituted by carbohydrate binding module, which binds specifically to cellulose fibrils, 

and a ZZ fragment able to recognize antibodies via their Fc portion. The second element is 

an anti-biotin antibody purchased from Abcam, which is anchored onto the paper via 

CBM64-ZZ interaction (this interaction allows the material to be washed without losing the 

antibody). The last element is a 5´ biotin-labelled DNA probe, which is recognised by the 

antibody and allows the capture the target nanoparticles via DNA hybridization. The probe 

has the following sequence: 

biot_5´-ctc tcc gag aac agg cct cga ctt caa-3´ 
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Figure 33: Minimalist representation of the capture system: CBM64:ZZ complex, anti-biotin antibody 

and 5´ biotin-labelled DNA probe (blue)  

 

The CBM64-ZZ:anti-biotin antibody conjugate was prepared in an Eppendorf tube 

by incubating 0.4 μL of CBM64-ZZ, 0.75 μL of antibody and 0.85 μL of trisodium citrate 

buffer (TST, 50 mM of Tris buffer, pH 7.4; 150 mM of NaCl; 0.05 % Tween 20) for 30 

minutes at room temperature. Then, the 5´ biotin-labelled DNA probe is added and the 

solution is left to incubate for 20 minutes. 

 

4.2. Paper device assays 

Due to the fact of being abundant, easy to process, biocompatible and inexpensive, 

paper nowadays is widely used for the development of practical, disposable and cheap 

devices as an alternative for health diagnostics, environmental and quality control 

applications. Here, the μPAD is limited by wax that creates a hydrophobic barrier, allowing 

the sample to be pushed by capillarity along the hydrophilic matrix without need of using 

any external force. Additionally, controlling the size of the box, it is possible to adjust the 

velocity and volume of the sample that will run in the μPAD.  

One of the objectives of this thesis was to develop a paper-based biosensor capable 

of providing the users rapid and unequivocal information. Unfortunately, as it is shown in 

Figure 34, after applying 10 μL of a TST buffer solution of the EuW10@SiO2-DNA 

nanoparticles on the device, the nanoparticles did not flow through the paper, not reaching 

the control and test zones. 
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Figure 34: Application of EuW10@SiO2-DNA nanoparticles on a μPAD 

 

Electrostatic bonds between the nanoparticles and the paper may be one of the 

plausible reasons for the failure of this test, so we decided to increase the salt quantity of 

the TST buffer (from 5 M to 10 M) in order to decrease the interaction between the 

nanoparticles and the paper. However, as it is shown in Figure 35, the results remained the 

same. These results indicate that the electrostatic bonds between the paper matrix and the 

nanoparticles were not the main reason behind the observed lack of flow. The nanoparticles 

dimensions (not adequately tuned) seem to be the real limiting factor as the TST buffer 

migrates but the nanoparticles seem to aggregate in the application area. 

 

 

Figure 35: Application of EuW10@SiO2-DNA on a μPAD (higher concentration of salt) 

 

4.3. Paper spots assays 

An alternative approached was designed where, as for the previous assays, the 

principle of the biosensor is the attachment of the capture system, although in this case to a 

delimited area of the paper spot resulting on a well-defined recognition zone. 

In this approach, the capture system was applied at the centre of the spot delineated 

on paper, by wax printing, and dried at room temperature. In a second step, different 

volumes of a EuW10@SiO2-DNA nanoparticles solution are applied over the same spot 
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before washing the paper with TST buffer. The observation of the results was made under 

a UV light lamp with the maximum excitation wavelength at 254 nm. 

Our strategy consisted in deposition of the capture system in three different spots. 

The first one was our test with all the system components, expecting that the fluorescence 

was maintained only in the area of the capture system deposition; the second one (control 

1) was performed with EuW10@SiO2 nanoparticles without the DNA functionalization, 

expecting that the spot would lose all the fluorescence due to the lack of the target probe – 

proving the successful DNA hybridization in the first spot; and the last one (control 2) was 

performed without the 5´ biotin-labelled DNA probe, where, as for the previous test, 

expecting that the spot would lose all the fluorescence, due to the lack of the recognition 

element - proving the successful recognition of antibody-antigen in the first spot (Figure 

36). 

 

Figure 36: Representation of the system compounds presented in each spot: CBM64:ZZ complex, 

anti-biotin antibody, 5´ biotin-labelled DNA probe (blue) and EuW10@SiO2-NH2 (orange) with or without DNA 

functionalization 

 

After the application of the EuW10@SiO2-DNA nanoparticles on the paper surface 

it is possible to observe a homogeneous distribution of the nanoparticles (which results in 

an equal distribution of the fluorescence) inside the spots (Figure 37). Figure 38 shows the 

sensor spots after being washed with TST buffer, and under the UV lamp (254 nm). As 

expected, the spot 1 retained the fluorescence in the central area, which corresponds to the 

CBM64-ZZ:anti-biotin antibody conjugate deposition zone. Spots 2 and 3 exhibited the 

same behaviour, contrary to what was expected. Similarly, to what happened in the μPAD 

1 3 
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experiments, the nanoparticles seem to be trapped in the cellulose matrix, retaining them 

where they are applied, which prevents the wash of the nanoparticles who are not 

hybridized. It is important to mention that the observed difference between the fluorescence 

intensity of spot 2 and the others is due to the impossibility to weight the mass of the 

nanoparticles while preparing the solutions. 

 

 

Figure 37: Paper spots assays before being washed. 1: CBM64-ZZ:anti-biotin antibody conjugate, 5´ 

biotin-labelled DNA probe and EuW10@SiO2-DNA nanoparticles; 2: CBM64-ZZ:anti-biotin antibody 

conjugate, 5´ biotin-labelled DNA probe and EuW10@SiO2-NH2 nanoparticles; 3: CBM64-ZZ:anti-biotin 

antibody conjugate and EuW10@SiO2-DNA nanoparticles under UV lamp (254 nm) 

 

 

Figure 38: Paper spots of Figure 34 after being washed with TST buffer under UV lamp (254 nm) 

 

4.4. Cellulose microparticles assays 

Due to the failure of the previous approaches, a “plan C” was elaborated. Herein the 

principle of the biosensor is similar to the previous test, although in this case the cellulose 

microparticles (20 μm) are small and dispersed in solution, which can avoid EuW10@SiO2-

DNA nanoparticles to be trapped inside the cellulose matrix.  

In this approach, 50 μL of cellulose microparticles (Sigmacell cellulose, type 20, 20 

μm) suspended in 1.0 mL of TST buffer (20 mg/mL) were added to each Eppendorf tube. 

Then, 2 μL of the CBM64-ZZ:anti-biotin antibody conjugate was added to the microparticle 

suspension and this was incubated for 30 minutes. After the incubation time, a 0.5 μL of 

biot-DNA (10 μM) was added and the suspension was stirred and incubated for 20 minutes. 
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Finally, different volumes of the EuW10@SiO2-DNA nanoparticles solution were added, 

and the suspension was stirred and incubated for 20 minutes. The observation of the results 

was made under a UV light chamber with the maximum excitation wavelength at 254 nm. 

The premise behind these assays was that cellulose particles were the only ones 

being able to separate from the solution using a simple spinner and the EuW10@SiO2-DNA 

nanoparticles that do not hybridize with the biot-DNA in the cellulose particles would stay 

in solution. In Figure 39, it is possible to see the fluorescence in the cellulose microparticles 

after their deposition. However, the Eppendorf tubes 1 and 2, corresponding to the duplicate 

sample with the lowest concentration of EuW10@SiO2-DNA nanoparticles did not exhibit 

any fluorescence, probably because of the low nanoparticles’ concentration. So, this assay 

was repeated with a more concentrated solution of EuW10@SiO2-DNA nanoparticles and a 

control (without biot-DNA). Tables 1 and 2 show the composition of each tube. 

 

 

 

Figure 39: Cellulose microparticles assays 

In Figure 40, is possible to observe that the cellulose microparticles were able to 

capture the EuW10@SiO2-DNA nanoparticles (via DNA hybridization) while the C tube only 

exhibited fluorescence in the supernatant. indicating that our system was functional. As for 

the previous assay, this was performed with duplicates and with a gradual increase of the 

concentration of EuW10@SiO2-DNA nanoparticles. Tubes 1 and 2, corresponding to the 

lowest concentration of nanoparticles used, were the duplicate that showed better 

“performance”, since a very significant difference between the fluorescence intensity of the 

cellulose microparticles pellet and the supernatant was observed. Fluorescence microplate 

assays could be done to further evaluate the observed behaviour and to validate this positive, 

EuW10@SiO2-DNA 

nanoparticles concentration 
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unfortunately the equipment available was not working. An alternative experiment to 

overcome this instrumental limitation is to recover the supernatant of each tube and to 

measure the fluorescence spectra. If differences in the relative intensity of the three main 

Eu3+ transitions (592, 619 and 700 nm) are observed, our system will be validated. 

 

 

 

Figure 40: Cellulose microparticles assays (higher concentration of EuW10@SiO2-DNA 

nanoparticles). C: control without the biot-DNA 

 

Table 1: Summary table of the different volumes of EuW10@SiO2-DNA nanoparticles solution added 

to each Eppendorf tube used in the cellulose microparticles assay: CBM64:ZZ (2x10-5 μmol), Anti-biotin 

antibody (5x10-5 μmol), biot-DNA (5x10-6 μmol) 

 

 

Table 2: Summary table of the different volumes of EuW10@SiO2-DNA nanoparticles solution added 

to each Eppendorf tube used in the cellulose microparticles assay: CBM64:ZZ (2x10-5 μmol), Anti-biotin 

antibody (5x10-5 μmol) - higher concentration of EuW10@SiO2-DNA nanoparticles solution 

 

 

EuW10@SiO2-DNA 

nanoparticles concentration 
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5. Conclusions 

The development of paper-based sensors is considered a subject of most importance 

due to their promising applications in the areas of clinical diagnostics, environmental 

monitoring and food quality control. Their main advantages are the low cost and simple 

fabrication, combined with the fact that they are disposable and easy to transport [103]. With 

this in mind, this thesis purpose was to fabricate a simple and cost-effective fluorescent 

paper device for the DNA recognition.  

In the case of anion [EuPW11O39(H2O)2]
4-, due to the lack of a suitable UV lamp for 

adequate excitation, a straightforward strategy was designed to investigate the potential 

affinity of this anion to interact with DNA. Unfortunately, no notable differences were 

observed in the fluorescence intensity of the Eu3+ transition bands, after the addition of 

different DNA concentrations, this fact might be due to the low accessibility to the 

phosphate groups of DNA.  

Microemulsion methods, based on the hydrolysis and condensation of TEOS, were 

used to encapsulate the anion [Eu(W5O18)2]
9- in a silica shell and further functionalizations 

were performed to immobilize DNA probes onto the nanoparticles´ surface. A detection 

system was designed to capture target DNA, which relies in biotin labelling of the target. 
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The molecular detection system was evaluated using a PAD. In this case, the capture 

system was applied in the control and test zones (C and T zones) and the EuW10@SiO2-

DNA nanoparticles were applied in the sample loading area. The migration of the target 

system (EuW10@SiO2-DNA) to the C and T zones was not observed, probably due to their 

aggregation at the paper’s surface. Spot assays were also performed to test the capacity of 

the system to detect DNA. In the assays, CBM64-ZZ:anti-biotin antibody conjugate was 

immobilized on the paper to capture the EuW10@SiO2-DNA nanoparticles. The results 

obtained were not the expected as 2 spots used as controls also exhibited luminescence, 

indicating a possible entrapment of the EuW10@SiO2-DNA nanoparticles in the cellulose 

matrix.  

After these failures, an alternative approach based on the use of cellulose 

microparticles was explored. In this approach the CBM64-ZZ:anti-biotin antibody 

conjugate was added to a microparticle suspension. After incubation, the recognition 

element (biot-DNA) was added and the mixture was further incubated before the addition 

of the EuW10@SiO2-DNA nanoparticles. Following the addition of nanoparticles and 

incubation, using a spinner, the deposition of the cellulose microparticles occurred. It was 

possible to observe that the pellet showed an overall increased luminescence, indicating that 

the system is functional. Moreover, the fact that in the control, without biot-DNA, the 

cellulose pellet showed low luminescence corroborates the principle that only the 

EuW10@SiO2-DNA nanoparticles that had been captured (via hybridization) would deposit 

after spinning. 

In terms of future work, a key challenge will be to optimize the encapsulation process 

to allow a size tuning, thus avoiding the agglomeration without compromising the 

fluorescence. If not possible, the encapsulation with polymers, such as alginate, chitosan 

and styrene, among others should be taken into account. The functionalization should also 

be optimized by increasing the concentration of DNA per nanoparticle blocking eventual 

free -ene groups with cysteine or a different molecule containing a thiol group. As the 

cellulose microparticles test seems to be promising, efforts should be done towards the 

optimization of this approach regarding the concentration of EuW10@SiO2-DNA 

nanoparticles in solution and the determination of the biot-DNA working range.  
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